Mesoporous silica materials are promising nanocarriers for the development of drug delivery systems. In this study, the influence of pore size, volume, surface area, and doping the silica framework on the release kinetics of a model drug, metoprolol, has been studied. 20% or 50% wt. therapeutic agent was loaded into the carrier mesopores through incipient wetness impregnation. The carriers and drug-loaded samples have been characterized by small-and wide-angle X-ray diffraction, FT-IR spectroscopy, scanning electron microscopy, and nitrogen adsorption-desorption isotherms. The in vitro release profiles have been fitted using a threeparameter kinetic model and they have been explained in terms of the release rate during the burst and sustained release stages and the fraction of drug molecules released during the burst stage. The silica framework doping with aluminum was found to decrease the amount of drug released in the burst stage, without affecting the other kinetic parameters. The therapeutic agent release rates depend mainly on the pore size and volume of the mesoporous carriers and drug-loaded samples.
Introduction
The development of novel drug delivery systems (DDS), which can be adjusted to individual needs, is receiving a great deal of attention lately. Such systems must be biocompatible and able to load a significant amount of therapeutic agent and to release it following a predetermined time profile. Mesoporous silica nanomaterials (MSN) are currently studied for drug delivery applications due to their biosafety [1, 2] , high adsorption capacity [3] [4] [5] , and possibility of tailoring the release profiles based on the interactions between the guest drug molecules and silica pore surface [6] [7] [8] . The most common methods of modifying the MSN properties include functionalization with organic groups [9] [10] [11] [12] [13] , doping the silica framework with different atoms [14] [15] [16] [17] , or changing the morphologic and textural MSN properties, such as particle shape, pore size, specific surface area, total pore volume, or the pore arrangement and geometry [18] [19] [20] [21] [22] [23] [24] [25] . Drug release from mesoporous carriers is a complex process, influenced by the structure of the therapeutic agent, the release medium, and the properties of the silica matrix [26] [27] [28] . Nonetheless, it is possible to quantify the influence of the carrier properties on the drug release process by using appropriate kinetic models to describe the release process. Such a promising model assumes that the drug release process consists of equilibrium between drug adsorption onto the nanocarrier surface and desorption into the mesopores, followed by transport of the desorbed molecules into the release medium [29, 30] .
We have investigated the influence of pore size, geometry, and introduction of organic functional groups on the release process of a model drug, metoprolol, in our previous work [31] . It was found that both the textural properties of the carriers and the acidity of the functional group influence the drug release process. In order to more easily distinguish the competing influence of these two types of parameters on the drug release process, it is necessary to be able to change one parameter independent of the others. Silica framework doping with Al was used in this study to increase the surface acidity without significantly changing the pore size and volume of the mesoporous carriers. Some other porous materials containing aluminum into the silica framework, kaolinite and bentonite, are generally recognized as safe for drug delivery applications [32] . MCM-41 and SBA-15 as well as AlMCM-41 and AlSBA-15 have been used as mesoporous carriers.
Metoprolol (MTP), the model drug, has a smaller size than the carrier mesopore diameters (estimated at 1.6 by 0.5 by 0.6 nm) and it possesses various functional groups which can participate in carrier-drug supramolecular interactions (hydroxyl, secondary amine, methoxy, and phenoxy). The therapeutic agent is widely used in the treatment of several cardiovascular diseases, acting as a 1-receptor blocker [32] [33] [34] [35] . Herein, the effects of Al doping and MSN textural parameters on the MTP release kinetics are studied. 
Experimental Details

Synthesis of Mesoporous Silica Matrices.
The detailed synthesis and characterization of MCM-41 and SBA-15 supports and metoprolol-loaded materials were reported in our previous publications [31, 36] . In brief, MCM-41 was obtained by adding TEOS to an aqueous solution containing 25% ammonia and C 14 TAB. The sol was aged at room temperature for 22 hours, followed by hydrothermal treatment at 150 ∘ C and 5 atm for 24 hours. The solids were filtered off, washed, and calcined at 600 ∘ C for 5 hours. A molar ratio TEOS : C 14 TAB : NH 3 : H 2 O of 1.0 : 0.137 : 3.3 : 158 was used. MCM-41 was obtained with C 14 TAB due to the fact that it has closer textural parameters, especially pore size, to commercially available AlMCM-41 (see Table S1 in Supplementary Material available online at https://doi.org/10.1155/2017/ 9864396).
The Al-containing SBA-15 support, denoted as AlSBA-15, was synthesized in acid-free conditions [37] , by a slight modification of the procedure reported in [38] ∘ C and constant magnetic stirring rate of 150 rpm. A quantity of drug-loaded samples containing 10 mg MTP was added to a dialysis bag (cellulose tubing with average molecular weight cutoff 12000 Da, Sigma-Aldrich) together with 1 mL PBS, sealed, and then immersed in 90 mL release medium. An in situ UV-Vis probe was used to record the drug concentration every 15 s.
Characterization.
Small-and wide-angle X-ray diffraction (XRD) was performed on a Bruker D8 Discover diffractometer with Cu K radiation ( = 1.5406Å). Infrared spectroscopy (FT-IR) was carried out on a Bruker Tensor 27 spectrometer (KBr pellets). Scanning electron microscopy (SEM) was recorded on a Tescan Vega 3 LM microscope equipped with an energy dispersive X-ray spectrometer (EDX). Nitrogen adsorption-desorption isotherms were acquired on a Quantachrome Autosorb iQ 2 pore analyzer, at 77 K. The samples specific surface area was computed using the Brunauer-Emmett-Teller (BET) theory, in the 0.1-0.3 relative pressure range. The pore size distribution and average pore sizes were calculated with the Barrett-Joyner-Halenda (BJH) model, from both the adsorption and desorption branches of the isotherm. Total pore volume volumes were computed at a relative pressure of 0.80, which corresponds to mesopores with diameters less than 11 nm. UV-Vis spectroscopy was carried out using an Ocean Optics USB 4000 spectrometer, equipped with an in situ probe. Elemental analysis of the samples was carried out using a wavelength dispersive X-ray fluorescence (WDXRF) spectroscopy method, on a Rigaku ZSX Primus II spectrometer equipped with an Xray tube with Rh anode, 4.0 kW power, with front Be window (30 m thickness). The WDXRF measurements were performed on 10 mm diameter pressed pellets, under vacuum.
Results and Discussion
Characterization of Mesoporous Carriers and MTPLoaded Samples.
Both the pristine carriers and drug-loaded samples were characterized in order to determine the relevant properties affecting the drug release process.
Small-angle XRD was used to evidence the ordered mesopore array for both pristine carriers and drug-loaded samples ( Figure 1 ). Three well-defined Bragg reflections for pristine carriers can easily be noticed. These peaks were indexed as the (100), (110), and (200) reflections belonging to the hexagonal P6m symmetry group (Figures 1(a) and 1(b)). The ordered mesopore array is preserved after the introduction of MTP molecules. The presence of the drug molecules inside the carriers mesopores leads to a reduction in the relative intensities of the (110) and (200) reflections, which can be explained by a decrease in the electronic density difference between the silica pore walls and mesopores [39] . This effect is more pronounced for AlSBA-15 materials, which exhibit a gradual decrease in the secondary peak intensity with increasing drug content. The wide-angle XRD patterns of MTP-loaded samples (Figure 2 (Figure 3(c) ). The elemental distribution was evaluated using EDX spectroscopy. The aluminosilicate carriers show a homogenous distribution of aluminum into the silica framework (Figures 3(d) , 3(e), and 3(f)). WDXRF measurements were performed in order to quantitatively assess the Si : Al ratio. Si : Al ratio of 1 : 28 was obtained for the commercial AlMCM-41, while the prepared AlSBA-15 carrier has a 1 : 116 Si : Al ratio ( Table 1) .
The nitrogen adsorption-desorption isotherms of the carriers and AlSBA-15 drug-loaded materials are of type IV with hysteresis, characteristic for mesoporous samples (Figure 4) . The adsorbed gas volume decreases with increasing drug content in the case of AlSBA-15 samples, demonstrating that the drug molecules are adsorbed inside the support mesochannels ( Figure 4(A, B, and C) ). A similar decrease can be also noticed for MCM-41-type materials after MTP loading (Figure 4(D and E) ). The average pore size decreases after drug loading, indicating that there are strong interactions between the biologically active substance and the aluminosilicate pore walls. Similarly, the specific surface area and total pore volume decrease after MTP loading (Table 1) .
In Vitro Drug
Delivery. The metoprolol release profiles were obtained in phosphate buffer solution, pH = 7.4, 37 ∘ C for all samples, using the dialysis bag method and compared with the drug diffusion in similar conditions ( Figure 5 ). The MTP diffusion through the dialysis membrane is relatively fast, reaching 90% cumulative release after 2.5 h. In contrast, the drug release kinetics from the mesoporous carriers is [31] . The same observation can be made for samples containing commercial AlMCM-41 and prepared AlSBA-15 supports ( Figure 5 (C) versus 5(E)), even though in this case the difference in release rate could also be explained by the higher Al content of AlMCM-41 carrier (Fig. S1) .
In order to gain additional insight regarding the MTP release process, the experimental data was fitted with a threeparameter kinetic model developed by Zeng et al. (Figure 5 , continuous lines) [29] . This model considers that the drug release consists of three processes, each assumed to follow 1st-order kinetics. Initially, the drug molecules can either be adsorbed onto the carrier surface (termed "associated") or dissociated from the surface, into the silica mesopores. The association and dissociation processes are reversible and follow 1st-order kinetics, with the on and off rate constants, respectively. The molecular Gibbs energy of the associationdissociation process can be computed as
where is Boltzmann's constant and is the temperature. The dissociated molecules are then transported into the release medium through diffusion, also approximated as a 1st-order process, with the rate constant . It is worth noting that the transport process includes the contributions of diffusion through mesopores and the dialysis membrane. The analytical function corresponding to the theoretical model is presented in
where (0) and ( ) are the initial drug content and the cumulative MTP amount released at time t, on , off , and are the 1st-order rate constants, and
The MTP release is a two-stage process, consisting of a fast, initial release stage ("burst stage"), which is followed by a more gradual drug release, in the sustained release step. The kinetic parameters of the theoretical model can be used to characterize the drug release process. The rate constant for the diffusion process, , is proportional to the drug release rate during the burst release stage. Since dissociation is slower than diffusion, the initially dissociated MTP molecules are released in this phase and thus the kinetics of the burst release are determined by the rate of diffusion for the initially dissociated molecules. The dissociation rate constant, off , is proportional to the drug release rate during the sustained release regime, as most initially dissociated molecules have been released in the burst phase and dissociation becomes the rate limiting step. Finally, the MTP percentage released during the burst stage is proportional to the Gibbs energy, Δ , which drives the equilibrium between association and dissociation and therefore the amount of initially dissociated molecules.
The values of the three rate constants, , off , and on , have been determined for each drug-loaded sample and MTP by fitting the experimental release profiles with (2) ( Table 2 ). The value of the association-dissociation Gibbs energy was then computed using (1). All MTP-silica samples show a good correlation between the experimental and fitted data, with 2 > 0.96. MTP dissolution was fitted with the same model, purely for comparison reasons, as this case could also be explained by a simple first-order kinetics model.
The Δ parameter provides information regarding the amount of drug released during the burst phase of the release profile. Lower Δ values indicate that a smaller drug percentage is released during the burst regime, as the association-dissociation equilibrium is shifted towards association. Doping the mesoporous silica matrix with Al has a clear effect on the Gibbs energy values of the MTP-loaded samples (Table 2 ). Both MTP@AlMCM-41 and MTP@AlSBA-15 have negative Δ , while samples containing pristine silica present positive Δ values. This effect can be easily understood as the introduction of Al atoms in the silica matrix generates negative charges, which yield stronger electrostatic interactions with the positively charged drug molecules than in the case of silica (silanol groups are also negatively charged at pH 7.4). It is interesting to note that increasing the loaded MTP amount to 50% wt. leads to an increase in Δ (MTP50%@AlSBA-15 versus MTP@AlSBA-15). This observation supports the electrostatic interaction interpretation, as only a fraction of MTP molecules can be adsorbed on the pore surface, irrespective of drug loading. A higher drug content shifts the association-dissociation equilibrium towards dissociation as the mesopore surface becomes saturated with associated MTP molecules and the excess drug can only be accommodated as dissociated species (i.e., without interactions with the aluminosilicate surface).
The release rate during the burst stage is proportional with the diffusion rate constant, , with higher rate constant values indicating faster drug release. The values are similar for all 20% wt. MTP-loaded samples, with slightly lower values for MCM-41-type samples (MTP@MCM-41 and MTP@AlMCM-41) than for the SBA-15-type materials. The drug transport process through the matrix mesopores is not affected by the presence or absence of Al, but it is slightly influenced by the pore size. As expected, the larger pores of SBA-15-type materials lead to a faster transport than the smaller MCM-41 pores. Increasing the drug content to 50% leads to a large increase in and in the release rate during the burst stage. This fact suggests that a larger fraction of MTP molecules are adsorbed on the external particle surface or near the pore entrances, resulting in shorter diffusion paths than for the 20% drug-loaded sample.
The rate of therapeutic agent release during the sustained release stage is directly proportional to the dissociation rate constant, off . MCM-41-type samples show significantly smaller off values than the SBA-15 samples. The Al insertion into the silica framework does not influence the dissociation rate constant for MCM-41 samples, while increasing its value in the case of SBA-15-type materials. Moreover, the variation of off (MCM-41 < AlMCM-41 < SBA-15 < AlSBA-15) is similar to the variation of total pore volume ( Table 1 ). The increase in dissociation rate could be explained by steric effects. The larger SBA-15 mesopores (6 nm) favor the drug desorption as there is less steric hindrance of the dissociated molecules than in the case of the smaller MCM-41 mesopores (2.5 nm). The MTP molecule has an estimated length of 1.6 nm, which is approximately 60% of the MCM-41 pore diameter but only 25% of the SBA-15 pore size. The influence of steric crowding on the dissociation rate can also be noticed when comparing the 20% and 50% wt. drug-loaded AlSBA-15 samples, with the higher drug loading resulting in a decreased off parameter (Table 2) .
A correlation analysis between the kinetics release parameters ( , on , off , and Δ ) and various textural parameters for carriers and drug-loaded samples has been carried out ( Table 3 ). The specific surface area ( ), average pore diameter ( ), and total pore volume ( ) of both pristine mesoporous carriers (index "carrier") and drug-loaded samples (index "loaded") have been considered (Table 3) . Other parameters such as the Al/Si atomic ratio, the total pore volume occupied by the MTP molecules ( drug (4)), the specific surface area decrease after drug adsorption ( drug (5)), and the difference between the average pore size of the pristine carrier and drug-loaded samples (Δ drug = BJH , carrier − BJH , drugloaded sample) have been computed and included in Table 3 .
The correlation results in Table 3 take values between −1 and 1, with values close to ±1 indicating positive or negative correlation and values close to 0 indicating no correlation between the two parameters.
where drug , carrier , and loaded represent the specific surface area decrease after drug adsorption, the specific surface area of the pristine carrier, and the drug-loaded sample, respectively.
where drug , carrier , and loaded represent the volume occupied by the drug molecules and the total pore volumes of the pristine carrier and of the drug-loaded sample, respectively, and % MTP represents the drug loading percentage.
The correlation results support the qualitative observations regarding the influence of textural properties of the carriers and MTP-loaded samples on the kinetic parameters. The Al/Si ratio has a strong negative correlation with the Δ parameter, signifying that the Gibbs energy decreases with increasing Al content. The Al/Si ratio is not correlated with any other kinetic parameters, suggesting that Al doping is a promising approach to tailor the ratio of drug released in the burst to sustained release stages, without affecting the release rates. The Δ parameter is also inversely correlated with the specific surface area of the drug-loaded samples and it is directly correlated with the specific surface area decrease after drug adsorption, suggesting the importance of the surfacedrug interactions in the association-dissociation equilibrium.
The diffusion rate constant, , responsible for the release rate during the burst stage is directly correlated with the pore volume occupied by the MTP molecules ( drug ) and the volume pore size difference between the pristine carrier and drug-loaded sample ( drug , Δ drug ). The correlation between the volume occupied by drug molecules and the diffusion rate indicates that increasing the therapeutic agent content leads to a greater fraction of molecules which can be readily transported in the release medium and thus to faster diffusion rates.
The dissociation rate constant, off , which influences the drug release rate during the sustained release stage, is correlated with the pore size and pore volume of both pristine carriers and drug-loaded samples. These correlations support the hypothesis that dissociation rates are mainly influenced by the steric crowding of the drug molecules in the dissociated state.
Conclusions
In this work the possibility of tailoring the drug release kinetics of a model drug, metoprolol, from mesoporous silica and aluminosilicate materials was studied. Two types of mesoporous carriers with hexagonal ordered pore arrays, MCM-41 and SBA-15, were employed. The experimental metoprolol release kinetics were fitted with a three-parameter kinetic model, which consists of an equilibrium between drug adsorption and desorption onto the mesopore surface, followed by transport into the release medium. The influence of doping the silica framework with aluminum was studied by correlating the kinetic parameters of the drug release process with the carriers textural properties.
It was found that all mesoporous carriers could act as drug reservoirs. The larger-pore SBA-15-type carriers could be loaded with up to 50% wt. biologically active molecules. All drug release profiles consist of a two-stage process, with a fast initial drug release in the burst stage, followed by a more gradual release, in the sustained release regime. The whole drug release process is characterized by three kinetic parameters, namely, the metoprolol release rates during the burst and sustained release stages, respectively, and the Gibbs energy of the adsorption/desorption equilibrium. These three parameters are proportional to the rate constant of the transport process, the rate of drug desorption from the pore surface, and the ratio between the amounts of therapeutic agent released in the burst and sustained release stages, respectively.
The drug release rate during the burst stage is directly correlated with the drug-loaded amount and the average pore size of the carriers. The sustained release rate was found to be correlated with the steric crowding of the dissociated molecules inside the support mesopores, with a higher carrier pore volume resulting in faster release rate.
The introduction of Al atoms into the silica framework leads to the decrease of Gibbs energy and consequently of the drug amount released in the burst stage, while not affecting the other kinetic parameters. This effect is explained by the electrostatic interactions arising between the negatively charged pore surface and the positively charged model drug molecules and it also depends on the amount of therapeutic agent loaded into the mesoporous carriers. A higher drug loading leads to a decrease in average electrostatic interaction strength and higher overall Gibbs energy. Doping the silica framework with heteroatoms is therefore a promising strategy towards the rational design of drug release systems which combine both instantaneous and sustained release. In prospective, the heteroatom doping of mesoporous silica could be combined with varying the drug amount and carriers textural properties in order to precisely tailor the release profiles of advanced drug delivery systems.
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